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Two-dimensional (2D) nanofluidic ion transporting membranes
show great promise in harvesting the “blue” osmotic energy be-
tween river water and sea water. Black phosphorus (BP), an
emerging layered material, has recently been explored for a wide
range of ambient applications. However, little attention has been
paid to the extraction of the worldwide osmotic energy, despite its
large potential as an energy conversion membrane. Here, we re-
port an experimental investigation of BP membrane in osmotic
energy conversion and reveal how the oxidation of BP influences
power generation. Through controllable oxidation in water, power
output of the BP membrane can be largely enhanced, which can be
attributed to the generated charged phosphorus compounds.
Depending on the valence of oxidized BP that is associated with
oxygen concentration, the power density can be precisely controlled
and substantially promoted by ∼220% to 1.6 W/m2 (compared with
the pristine BP membrane). Moreover, through constructing a heter-
ostructure with graphene oxide, ion selectivity of the BP membrane
increases by ∼80%, contributing to enhanced charge separation effi-
ciency and thus improved performance of ∼4.7 W/m2 that outper-
forms most of the state-of-the-art 2D nanofluidic membranes.

nanofluidics | black phosphorus | ion transport | osmotic energy

Solution-dispersed two-dimensional (2D) materials can be
readily assembled into ultrathin paper-like membranes with

massive interconnected and highly uniform interstitial channels,
enabling tunable nanoconfinement from a few nanometers down
to the subnanometer level, termed 2D nanofluidic membranes
(1). The transport of electrolytes and water in such narrow channels
can be significantly different from that in the bulk. When the size of
the interlayer channel is close to the Debye length, the ion transport
process will be fully dominated by the surface charge that is asso-
ciated with the surface chemistry of the constituent material (2).
Diverse exciting phenomena such as ultrafast permeation and highly
selective transport have been found in 2D nanofluidic membranes
consisting of, for example, graphene, molybdenum disulfide, boron
nitride, and other atomically thin materials (3–8). These discoveries
provide unprecedented insights into the structure–property rela-
tionships of 2D confined transport process and have shown prom-
ising prospects in many areas such as molecular/ionic sieving (9–12)
and osmotic energy conversion (13–18) (namely the extraction of
power from the mixing of sea water and river water).
Black phosphorus (BP), the most stable allotrope of elemental

phosphorus, has emerged as a new type of layered materials and
attracted growing interest in the scientific community due to its
distinguishing virtues such as highly anisotropic charge-transport
and thickness-tunable bandgaps (0.3∼2 eV) (19–21). Layered BP
is prone to oxidize when exposed to the ambient environment
(22–24). In field-effect transistors, the oxidation will sharply
decrease the on/off ratio and charge carrier mobility, and the
demonstration must be conducted under the protection of inert
gas or through applying complicated surface passivation tech-
niques (25, 26). In the past years, BP and oxidized BP have been
explored for a wide range of ambient applications such as sensing

and energy storage (23, 27–33). For example, the fast and reversible
pseudocapacitive behavior of BP nanosheets with molecular-level
redox-active P=O sites is reported, and the observed surface redox
pseudocapacitance exceeds the kinetic limitations (28). Also, BP
composite nanosheets are demonstrated as promising anode ma-
terials for lithium and sodium-ion batteries, exhibiting high re-
versible capacities (29, 30). With respect to the osmotic energy
conversion, the emerging BP can be an excellent candidate because
its hydrophilic nature and net charge provided by the oxidized sites
will largely promote the ionic separation in confined channels
(34, 35).
Here we report an experimental investigation of BP mem-

brane that is fabricated by assembling the exfoliated nanosheets
in osmotic energy conversion and reveal how the oxidation of BP
influences the power generationA (Fig. 1A). The coexistence of
O2 and water can contribute to oxidation of BP, generating
charged phosphorus compounds with controllable valence posi-
tively correlated with oxygen concentration. During the energy
conversion process, the high-valence phosphorus (V) compound
delivers more negative charge than the low-valence ones, contrib-
uting to a maximum 220% increase of power density from 0.5 to
1.6 W/m2 (compared with a pristine sample). Furthermore, multi-
layer graphene oxide (GO)-intercalated BP membrane is con-
structed by adopting a nature-inspired design coming from the soil.
The introduction of multilayer structure largely increases the ion
selectivity, contributing to enhanced charge separation efficiency, as
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evidenced by a 64∼95% increase of osmotic potential depending on
the number of GO layers. Improved power density of ∼4.7 W/m2

with natural sea-water pair is achieved, outperforming most of the
reported 2D nanofluidic membranes. This work highlights the large
potential of BP in surface-charge-governed aqueous nanofluidic
energy devices.

Results
Fabrication and Characterization of the BP Membrane. Thinly lay-
ered defect-free BP nanosheets were prepared by the electro-
chemical delamination strategy developed by our group (SI
Appendix, Fig. S1) (36). The as-prepared nanosheets exhibit a
few-layer structure with average size ∼1.5 μm (SI Appendix, Figs.
S2–S4). Through a vacuum-filtration method, the BP nanosheets
can be readily reconstructed into a free-standing membrane
(Fig. 1B). Surface scanning electron microscope (SEM) images
reveal that the as-prepared membrane is stacked densely by ul-
trathin 2D nanosheets with observable interstitial space. Large-
area lattice fringes of (040) plane with space distance of ∼2.6 Å
are observed in the high-resolution transmission electron mi-
croscope image of the constituent nanosheet, indicating that the
membrane is composed of highly crystalline BP (SI Appendix,
Fig. S5). The BP membrane shows a typical lamellar micro-
structure with a thickness of about 8 μm (Fig. 1C). The macro-
scopic membrane is stable in water. After being immersed in
water for 3 months, it still remains intact and there are no ob-
servable morphological changes (SI Appendix, Fig. S6).

Nanofluidic Ion Transport through the BP Membrane. Fig. 2A shows
X-ray diffraction (XRD) analysis of the BP membrane and bulk
BP crystal. Because of the presence of few-layer BP, character-
istic peaks of highly crystalline BP centered at around 17.0°
(020), 34.3° (040), and 52.5° (060) are observed in the membrane

sample (Fig. 2 A, Inset). Different from bulk crystal, a single peak
emerges in the low-angle region (∼9.2°) in the BP membrane,
revealing the uniform structure of the membrane with an in-
terlayer spacing of 4.4 Å (after subtraction of single-layer
thickness) (SI Appendix, Note S1 and Fig. S7). This means that
the BP membrane could act as an ion transport medium but not
a barrier (37). The ion transport behavior was investigated by
clamping the BP membrane in a two-compartment electro-
chemical cell (Fig. 2B and SI Appendix, Fig. S8) (38). A pair of
Ag/AgCl electrodes was used to record the transmembrane ionic
current. Representative current–voltage (I-V) curves at various
KCl electrolyte concentrations are shown in Fig. 2C. The mea-
sured ionic current is in the microampere regime, which is larger
than that in the track-etched polymer membrane (39), indicating
the good ion transport ability of the BP membrane. All of the
current responses exhibit linear ohmic behavior with negligible
ionic diode effect, which are typical characteristics for nano-
fluidic membranes with symmetric microstructure.
The ionic conductance exhibits a distinct relationship with the

concentration of the electrolyte. As shown in Fig. 2D, the mea-
sured conductance gradually deviates from bulk value (red
dashed line). In general, the conductance of a nanofluidic
channel filled with electrolyte solution is composed of two parts:
bulk conductance contributed by the bulk electrolyte (Gbulk) and
surface conductance contributed by the surface charge (Gsurface)
(40, 41):

G = Gbulk +Gsurface = (u+ + u−)cNAewd/l + 2u+σsw/l,
where u+ and u– are mobility of cation and anion, respectively; c
is the concentration of bulk solution; NA is Avogadro’s number; e
is the elementary charge; d is the free interlayer spacing; w and l
are the width and length of the channel, respectively; and σs is

Fig. 1. BP membrane made from exfoliated nanosheets. (A) The coexistence of water and O2 contributes to the oxidation of BP, generating functional
phosphorus compounds (red circle). These compounds can serve as charged sites in electrolyte solution, accelerating the transmembrane ion transport and
eventually promoting the osmotic energy conversion. (B) Surface SEM image of the as-prepared BP membrane. (Scale bar, 1 μm.) (Inset) A free-standing BP
membrane fabricated by the vacuum filtration method. (Scale bar, 1 cm.) (C) Cross-section SEM images of the BP membrane. (Scale bar, 2 μm.)

13960 | www.pnas.org/cgi/doi/10.1073/pnas.2003898117 Zhang et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003898117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003898117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003898117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003898117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003898117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003898117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003898117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003898117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003898117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003898117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2003898117


the surface charge density (42). The bulk conductance (left term)
governs the measured ionic conductance in the high-concentration
region, whereas in the low-concentration region the electric dou-
ble layers overlap and the contribution from surface (right term)
plays a predominant role. The experimentally observed deviation
reveals that the ion transport in BP membrane is governed by the
surface charges (43–45). The surface charge of the pristine BP
membrane is estimated to be ∼0.25 mC/m2 (SI Appendix, Note
S2), which is much lower than the values (1∼2 mC/m2) of con-
ventional 2D materials such as GO (40), clay (43), and boron
nitride (5).
I-V measurement was also performed under a 100-fold KCl

transmembrane concentration gradient, which exhibited obvious
intercepts on the coordinate axis (i.e., open-circuit voltage and
short-circuit current; Fig. 2E, solid line). The pure osmotic po-
tential (Vos) and current (Ios) can be extracted by subtracting the
contribution of redox potential on the electrode, generating the
dashed line. Note that the direction of the obtained Ios is consis-
tent with the net flow of cations from the high-concentration to
the low-concentration side, implying the cation selectivity of the
BP membrane. Accordingly, the transference number of the cat-
ion can be quantified by the Vos through the following equation:

Vos = (t+ − t−)RTF In[ahigh
alow

],
where, t+ and t− are the transference numbers for cations and
anions respectively. R, T, F, and a are the universal gas constant,

the absolute temperature, the Faraday constant, and the activi-
ties of electrolyte, respectively, Here, the cation transference
number of the BP membrane is calculated to be ∼0.83. The
observed deviation of ionic conductance and selectivity of cat-
ions both confirm the existence of surface charges in the BP
membrane. The net charge can be ascribed to the oxidation of
BP during the membrane fabrication process, which creates mul-
titypes of charged compounds (25). As characterized by high-
resolution X-ray photoelectron spectroscopy (HRXPS) (Fig.
2F), in addition to the strong characteristic peaks of crystalline
BP at ∼130 eV (2p3/2) and ∼131 eV (2p1/2), subbands at around
133.1 eV are observed, attributable to the low-valence phospho-
rus (I) oxidized compounds.

Oxidation Promoted Osmotic Energy Conversion. To evaluate the
osmotic energy conversion behavior, the BP membrane was
placed between a standard concentration gradient of simple in-
organic salt that simulates natural river water and sea water
(i.e., 0.01 M/0.5 M NaCl) and then connected to an external
circuit containing an adjustable external load (RL). As shown in
Fig. 3A, the current density on the external circuit decreases with
increasing resistance. The output power density, calculated as
P = I2 × RL, achieves a maximum value of about 0.5 W/m2 at an
intermediate resistance (Rm) of ∼250 kΩ. The corresponding
energy conversion efficiency is calculated to be 14% (SI Ap-
pendix, Note S3 and Fig. S9) (46). Next, we found that the
subsequent treatment of the BP membrane through water im-
mersion could largely increase the power output (Fig. 3B). In

Fig. 2. Nanofluidic ion transport through the BP membrane. (A) XRD analysis of the BP membrane and bulk BP crystal in the low-angle region. (Inset) The
characteristic XRD crystalline peaks observed in the BP membrane. (B) Schematic of the vertical ion transport across the BP membrane. (C) Current–voltage
curves of the BP membrane recorded in KCl electrolyte with different concentrations. (D) Transmembrane ionic conductance as a function of electrolyte
concentration, which gradually deviates from bulk value (red dash line), indicating a surface-charge-governed ion transport. The blue dashed line represents
double bulk value and the surface charge density is estimated to be 0.25 mC/m2. EDL denotes the electric double layer. (E) Current–voltage curve (solid line) of
the BP membrane under a 100-fold KCl concentration (Chigh = 1 M, Clow = 0.01 M). The contribution from the redox potential has been subtracted, generating
the dashed line that represents the pure osmotic contribution. (F) P 2p XPS spectrum of the BP membrane.
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normal deionized (DI) water with O2 concentration ∼5 mg/L,
the power density increases gradually from 0.5 W/m2 to 1.2 W/
m2 upon increasing the immersion time to 96 h (Fig. 3C), while
in the O2-bubbled water (∼12 mg/L) the delivered power
density is much larger but levels off after 72 h to ∼1.6 W/m2.
The power output of the BP membrane shows a linear re-
lationship with the O2 concentration in water (Fig. 3D). By
contrast, BP membrane placed in air for the same time period
shows negligible increase of the power density (SI Appendix,
Fig. S10). These observations indicate that the O2 and water
both play irreplaceable roles in the performance enhancement

of the BP membrane. Besides NaCl, the BP membrane after
water treatment is also capable of harvesting osmotic energy
from diverse types of electrolyte (Fig. 3E). As the membrane is
cation-selective, the faster the cation diffuses, the more re-
markable the charge separation that will occur, resulting in the
highest power output in KCl electrolyte (∼2.5 W/m2) (47).
Previous reports have shown that the coexistence of O2 and

water can accelerate the oxidation of BP (22, 24). When oxygen
coadsorbs with highly polarized water molecules on the BP
surface, the energy levels of oxygen will be lowered due to the
polarization effect of water, greatly facilitating the electron

Fig. 3. Oxidation promoted osmotic energy conversion. (A) Power output of the BP membrane under 0.5 M/0.01 M NaCl salinity gradient. (B) Schematic of
the treatment of BP membrane: immersed in O2-containing water. (C) Output power densities as a function of water treatment time under high (12 mg/L)
and normal (5 mg/L) O2 concentration. (D) Output power density as a function of O2 concentration. (E) Output power density as a function of electrolyte
species. (F) Oxidation degree (quantified by the atomic ratio of O and P elements) as a function of water treatment time, showing good agreement with the
variation of power densities in C. (G) P 2p XPS spectra of the BP membrane after water treatment under 5 mg/L and 12 mg/L O2 concentration condition.
(Inset) The most stable structure of oxidized P (III) and P (V) compounds that both carry three hydroxyl groups. (H) Influence of the pH of the electrolyte on the
output power density. (Inset) The gradual dissociation of P–OH groups.
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transfer from BP to oxygen (22). Therefore, we speculate that
such a pronounced enhancement in the power generation could
be ascribed to the enhanced oxidation of BP membrane, which
can create more charged surface functional groups and even-
tually promote the osmotic energy conversion (48). Neverthe-
less, no morphological changes were observed in the SEM
images, even after keeping for 10 d (SI Appendix, Fig. S11),
indicating that the oxidation mainly occurred in the nanoscale
domains. The degree of oxidation can be quantified by the
atomic ratio of O and P elements (i.e., O/P ratio characterized
by XPS). As shown in Fig. 3F, the O/P ratio under normal O2
concentration conditions (∼5 mg/L) increases gradually from
0.32 to 0.67 upon the prolonged treatment from 24 to 96 h,
while the measured ratio under high O2 concentration condi-
tions (∼12 mg/L) is much larger and increases from 0.44 to 0.87.
These changes are in good agreement with the variation of
power densities (Fig. 3C).
Fig. 3G shows the HRXPS results of the BP membranes after

96-h water treatment. Under 5 mg/L O2 concentration condition,
compared with the pristine BP membrane, the intensity of the
subband increases substantially, and the binding energy increases
from 133.1 to 133.7 eV, which corresponds to the increase of the
valence of the phosphorus compounds from P (I) to P (III).
Under high-concentration conditions (12 mg/L), the binding
energy of P (III) shifts to a higher level ∼134.1 eV, and another
peak at about 135.1 eV emerges, implying the formation of high
valence (V) phosphorus compound. The most stable structures
of the compounds of the P (III) and P (V) on BP’s surface have
both been proven to carry three hydroxyl (-OH) groups (Fig. 3G,
Inset) (49). With regard to the P (V) compound, the extra oxygen
atom (highlighted by a dashed circle) with high electronegativity
makes the -OH groups much easier to deprotonate to carry
negative charges than those of P (III) compound. The surface
charge density is estimated to be 2 mC/m2 in the existence of P
(V) compound that is higher than the case of P (III) compound
(∼1 mC/m2), thus enabling larger power density under high O2
concentration conditions (SI Appendix, Fig. S12). The pH value
of electrolyte solution has a strong influence on the osmotic
energy conversion property. As shown in Fig. 3H, under 5 mg/L
O2 concentration conditions, the power density of BP membrane
increases from 0.76 to 1.8 W/m2 upon increasing the pH from 3
to 11, while under 12 mg/L O2 concentration conditions the
power density is much larger and increases from 1.2 to 2.8 W/m2.
These observations can be ascribed to the gradual dissociation of

phosphorus compound (i.e., increase of surface charge) upon
varying the pH value.

Improved Osmotic Energy Conversion in Multilayer BP Composite
Membrane. In order to enhance the performance of BP mem-
brane to commercially attractive values, we further constructed
multilayer BP composite membranes which were prepared by
controllably intercalating GO layers within the BP mem-
brane. Such a membrane design takes inspiration from the
multilayer architecture in nature (for example, soil that
consists of different horizons such as gravel and sand with
varying fluidic transport routes) (50). In this work, the mul-
tilayer membrane was prepared by sequential filtration of BP
and GO dispersion (Materials and Methods and SI Appendix,
Figs. S13 and S14), and the top and bottom layers were both
BP membranes. The thickness of every single GO layer is set
to ∼500 nm and the total thickness of the composite mem-
brane is uniformly set to ∼8 μm, the same as the pristine BP
membrane. According to the number (n) of the layer of GO
membrane, the intercalated BP membrane is defined as BP/
(GO/BP)n (Fig. 4A). Fig. 4B shows the cross-section SEM
images of a series of composite membranes (n = 1, 2, 3, and 4)
and the corresponding energy dispersive X-ray (EDX) map-
ping of phosphorus element. All of the membranes exhibit
typical lamellar microstructure and the alternately stacked BP
layer (blue stripe) and GO layer (black stripe) can be clearly
distinguished.
The composite membranes show substantially enhanced ability

in harvesting the osmotic energy existing between a trans-
membrane ionic concentration gradient (Fig. 5A). Fig. 5B pre-
sents the power output of BP/(GO/BP)3 membrane before and
after treatment using oxygenated water (12 mg/L). The power
density of pristine BP/(GO/BP)3 membrane (∼0.76 W/m2) is
larger than that of the pristine BP membrane (∼0.5 W/m2). The
subsequent water treatment contributes to ∼350% increase of
power density from 0.76 to 3.4 W/m2, which can be ascribed to
the introduction of multilayer architecture in combination with
the increased surface charge resulting from oxidation. Contrast
experiments were also performed with composite membrane
having the same weight ratio prepared by the commonly used
method, namely one-step filtration of the mixture of colloidal
dispersions of BP and GO. As shown in Fig. 5C, the power
density of the composite membrane prepared through simple
mixing is ∼2.5 W/m2 (SI Appendix, Fig. S15); this value is much
lower than that of the sequentially assembled composite

Fig. 4. Controllable intercalation of GO layer. (A) Schematic of four intercalated BP membranes with increasing number of GO membranes (n = 1, 2, 3, and
4). (B) Cross-section SEM images and the corresponding EDX mapping of phosphorus element. (Scale bars, 2.5 μm.) The blue stripes represent the BP layer and
the black stripes represent the GO layer.
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membrane, indicating the importance of the multilayer structure.
Since the GO membrane exhibits a different interlayer channel
(∼5 Å) (Fig. 5D) compared with the BP membrane (∼4 Å), the
intercalation of GO layers into the BP composite membrane
establishes a multilevel heterogeneous structure with asymmetric
channel size. Such a heterogeneous structure with enhanced
retaining and repulsion effect toward the coions could largely
enhance the ion separation efficiency and increase the selectivity
(evidenced by 81% increase of osmotic potential, Fig. 5E), thus
facilitating transmembrane diffusion of counterions (51).
We further investigated the influence of the number of layers

of GO on the osmotic energy conversion process. As shown in
Fig. 5 E and F, increasing the number of GO layers from zero to
two results in increased osmotic potential and osmotic current,
contributing to increased power density from 1.56 to 3.4 W/m2.

The osmotic potential continues to increase upon increasing the
number of GO layers from two to four, while the osmotic current
decreases substantially. In this regard, although the ion selec-
tivity continues to increase, the transmembrane ion flux will be
undermined because the excess GO layers could also confine the
ions at the GO/BP interface (52). As a result, the power density
decreases to 2.6 W/m2 (Fig. 5G and SI Appendix, Fig. S16).
Besides pure electrolyte solutions composed of simple inorganic
salts, the composite membrane is also capable of harvesting os-
motic energy from a natural water source with a larger salinity
ratio (∼0.6 M/0.004 M). When we mix natural sea water and
river water, the power density achieves a remarkable value of
4.7 W/m2 (Fig. 5H and SI Appendix, Fig. S17) that outperforms
most state-of-the-art 2D nanofluidic membranes (16).

Fig. 5. Improved osmotic energy conversion in multilayer BP composite membrane. (A) Schematic of the transmembrane ion transport of the multilayer
membrane under a concentration gradient. (B) Power output of BP/(GO/BP)3 membrane before (square) and after (triangle) being immersed in water with O2

concentration of 12 mg/L for 96 h. The power out of pristine BP membrane is plotted for comparison (circle). (C) Comparison of the power density of BP/(GO/
BP)3 membrane with the composite membrane of the same weight ratio prepared through simple mixing of BP and GO. (D) XRD pattern of GO membrane
(solid line). The XRD result of BP membrane is also plotted for direct comparison (dashed line). After subtraction of single-layer thickness, the GO membrane
exhibits a larger interlayer channel (∼5 Å) than the BP membrane (∼4 Å). (E–G) Influence of number of layers of GO on the osmotic potential (E), osmotic
current (F), and the overall power density (G). (H) Energy conversion behavior of the composite membranes fabricated through sequential assembly (triangle)
and simple mixing (circle) under the concentration gradient of natural sea water and river water.
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Conclusions
In summary, we observed oxidation promoted osmotic energy
conversion in BP membrane. The coexistence of O2 and water
can accelerate the oxidation of BP, creating oxidized phosphorus
compounds of diverse valence depending on the O2 concentra-
tion. These functional compounds, especially high-valence (V)
ones, serve as charged sites in aqueous electrolyte solution and
enhance the transmembrane ion transport, ultimately promoting
the power density from 0.5 to 1.6 W/m2. Furthermore, by taking
inspiration from the natural soil with multilayer architecture, we
constructed BP composite membranes by intercalation with GO
layers. Different from the previous composite membranes that
were formed by simple stacking of mixed 2D materials, our work
applied the multilayer 2D architecture for nanofluidic energy
conversion. We show that such architecture is superior to the
traditional simple stacking 2D membranes with enhanced
retaining and repulsion effect toward the coions, largely en-
hancing the ion separation efficiency. The maximum power
output from a mixture of natural river water and sea water can
achieve ∼4.7 W/m2. This work demonstrates that the oxidation of
BP can be utilized in nanofluidic osmotic energy conversion,
which stands in contrast to applying BP for electronic applica-
tions where the ambient stability is a major concern, and reveals
its relationship with the power generation process. Such un-
derstanding as well as the advanced membrane architecture
design may trigger future investigations on BP and other 2D
materials toward not only osmotic energy conversion but also
other membrane-based applications such as ionic sieving, low-
grade heat harvesting, and flow batteries because of their com-
mon similarities in core concepts.

Materials and Methods
Materials. BP crystals with a room-temperature resistivity of 1.5 ± 0.2 Ω cm−1

were purchased from Smart Elements (99.998%). Tetra-n-butyl-ammonium
bisulfate (TBA·HSO4), anhydrous propylene carbonate, isopropyl alcohol,
and dimethylformamide (DMF) were purchased from Sigma-Aldrich. Anodisc
inorganic filter membranes with a pore size around 0.2 μmwere provided by
Whatman. The testing electrolytes including NaCl, KCl, LiCl, MgCl2, HCl, and
NaOH were all analytical-grade reagents. The sea water was extracted from

the Mediterranean Sea and the river water was extracted from the
Elbe River.

Fabrication of BP and GO-Intercalated BP Membrane. BP membrane was as-
sembled by vacuum filtration of the BP dispersion in DMF through an anodisc
membrane filter. After drying in air, a free-standing membrane with good
flexibility can be fabricated. To prepare the GO-intercalated BP membrane,
few-layer GO was first prepared by the well-developed Hummers method.
Then, the multilayer membrane was prepared by sequential filtration of BP
and GO dispersion. The thickness of each layer could be precisely regulated
through the dosage of the dispersion. The following shows the composition
of the multilayer membrane: BP/(GO/BP)1: 3.75 μm BP/0.5 μm GO/3.75 μm BP;
BP/(GO/BP)2: 2.33 μm BP/0.5 μm GO/2.33 μm BP/0.5 μm GO/2.33 μm BP; BP/
(GO/BP)3: 1.63 μm BP/0.5 μm GO/1.63 μm BP/0.5 μm GO/1.63 μm BP/0.5 μm
GO/1.63 μm BP; BP/(GO/BP)4: 1.2 μm BP/0.5 μm GO/1.2 μm BP/0.5 μm GO/1.2
μm BP/0.5 μm GO/1.2 μm BP/0.5 μm GO/1.2 μm BP. The total thickness of the
hybrid membrane is uniformly set to ∼8 μm. To fabricate the contrast sam-
ple, certain amounts of GO and BP dispersions were mixed beforehand, then
the BP/GO mixture was sonicated for 15 min and assembled by the same
vacuum filtration method. The water treatment was performed by im-
mersing the as-prepared membranes in DI water with different O2 concen-
tration for different period of time.

Electrochemical Testing. To measure the transmembrane ion transport, the
membrane was clapped in a two-compartment electrochemical cell. The ionic
current was measured with an electrochemical workstation (CHI) through a
pair of Ag/AgCl electrodes. The testing membrane area (i.e., area used to
evaluate the performance) was about 3 × 104 μm2. The osmotic energy
conversion behavior was evaluated by connecting the system to an external
circuit with an adjustable resistance (Reichelt Elektronik). Ultrapure water
(18.2 MΩ·cm−1) was used for preparing ionic solutions.

Data Availability. All data are included in the paper and SI Appendix. SI
Appendix contains methods, associated protocols, and electrochemical and
physical characterization data that were used to produce and support the
results in this paper (SI Appendix, Figs. S1–S17).
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